Thank you for submitting your manuscript for consideration by the EMBO Journal. It has now been seen by three referees, whose comments are enclosed. As you will see, all three referees express significant interest in your work and are broadly in favour of publication. However, while referees 2 and 3 suggest only changes to the text to clarify a number of points, referee 1 does raise several concerns that would need to be addressed experimentally in a revised version of your manuscript.
In the light of the referees' positive recommendations, I would therefore like to invite you to submit a revised version of the manuscript, addressing all the comments of all three reviewers. I should add that it is EMBO Journal policy to allow only a single round of revision. Acceptance of your manuscript will thus depend on the completeness of your responses included in the next, final version of the manuscript. When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Review Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process initiative, please visit our website: http://www.nature.com/emboj/about/process.html Thank you for the opportunity to consider your work for publication. I look forward to your revision.
Yours sincerely, Editor
The EMBO Journal REFEREE REPORTS Referee #1 (Remarks to the Author):
The TAT translocation system of plastids facilitates the transport of folded proteins across the thylakoid membrane. Even composite multimeric protein complexes can be translocated by this machinery. Recently, structural analyses showed that each TAT receptor complex contains multiple binding sites for targeting sequences, suggesting that more than one substrate protein might be transported during one round of translocation.
The present study addresses this hypothesis by using an elegant approach based on covalent interactions of cysteine-containing substrate proteins. The authors show that bound precursors, but not precursor proteins in solution, are in direct proximity so that they can be covalently dimerized. Interestingly, these dimers can be efficiently translocated by the TAT system with virtually the same kinetics as monomeric substrates. This strongly supports the idea that the TAT system indeed can transport more than one substrate protein per translocation round.
The study is very well conducted, fluently written and easy to follow. The experiments are nicely controlled and of very high technical quality. The reader is nicely guided through the logic of the experiments making this study a pleasure to read. The observations clearly improve our understanding of TAT-mediated protein translocation.
Specific points: 1.
The presented data suggest that each receptor complex can simultaneously bind more than one substrate. It would be exciting to test whether the complex "waits" until several binding sites are occupied before translocation will proceed. This would allow insights into the mechanisms by which translocation is regulated. Since TAT translocation requires large amounts of energy it might be economic to transport several proteins per round. To address this question, the authors might titrate small amounts of substrates to look for cooperative effects on the translocation kinetics.
2.
Substrate proteins with two cysteine residues lead to dimers and tetramers but not to trimers. This is an interesting aspect as this might give insights in the molecular organisation of the receptor complex. To support this point, the authors should provide a control experiment in which they induce the formation of oligomers in solution chemically by the addition of diamide, copper ions or hydrogen peroxide. This should lead to ladders which on the one hand can be used as size standards (to make sure that the tetramer is indeed not a trimer) and to show that artificially all possible oligomer variants can be formed.
3.
The authors stop their reactions by incubation on ice, centrifugation and treatment with NEM. This is a rather slow process and it remains possible that dimer formation occurs during this post-incubation procedure. In the redox field, reactions are typically stopped by the addition of acid like TCA. At low pH, thiol oxidation is blocked. The proteins can be precipitated and resolved in sample buffer containing NEM. The authors should provide a control showing that principally the same kinetics are found under these conditions which will exclude post-lysis oxidation of thiols. 4.
In Figure 3B , at the 19 h time point a more rapidly migrating dimer species is found. Is this a 17C-17C dimer or a 3C-17C dimer? A comparison with a kinetics of the 20F17C construct might allow to comment on this. The late and inefficient formation of a 3C-17C dimer would again support the idea that substrate proteins are oriented in an organized manner by the receptor complex.
Referee #2 (Remarks to the Author):
The authors observed that certain Cys-substituted precursor proteins form disulfide-linked dimers (and in some cases tetramers) on binding to the cpTat receptor. They also observe that these multimerized substrate proteins are capable of being efficiently transported into the thylakoid lumen. Each member of the crosslinked multimer has its own signal peptide. The authors argue that during transport each signal peptide simultaneously engages the transport machinery and that multiple signal peptide binding sites co-operate in the transport of the multimer. Transport of the multimers is not in itself surprising. Even the tetrameric substrate molecule should be within the size limit for Tat transport. There are also many well known hetero-oligomeric Tat substrates, at least in bacteria. However, the inference that several binding sites are co-operating in multimer transport is very exciting and would have profound implications for the mechanism of Tat transport. The evidence supporting the involvement of multiple binding sites seems to be that: [1] Receptor binding is shown to be a pre-requisite for multimer formation and therefore all members of the oligomer must interact with a binding site on the receptor.
[2] All the signal peptides on the transported oligomer are processed suggesting that all have been presented to signal peptidase in an appropriate manner. These are good but not watertight arguments.
Point [1] only shows that the individual signal peptides are bound to the receptor at the time of disulfide bond formation. Musser has presented evidence for rapid exchange of receptor-bound substrate molecules in both thylakoids and bacteria (Eur J Biochem (2000 ) 267: 2588 Mol.Microbiol. (2009) 74: 209) . Thus, once a disulfide crosslink has formed between two substrate molecules the only thing one can be certain about is that at least one of the signal peptides on the multimer remains bound to the receptor. One signal peptide would be sufficient to mediate transport of the whole multimer and would, as observed, show the same transport kinetics and efficiency as a monomer. With respect to point 2 we don't have enough information to exclude the possibility that signal peptidase can cleave signal peptides that are not presented in an authentic transport context. Indeed the data shown in the Fig.8A inserts suggest that the signal peptides are NOT co-ordinately processed. Even if multiple signal peptides are bound to the receptor it is possible that only one functions in transport at any one time -that transport is attempted multiple times with cleavage of the active signal peptide occurring until all signal peptides have been removed. This scenario is not excluded by the similarity in monomer and multimer transport kinetics since we do not know the rate limiting step in Tat transport. Indeed, Robinson has claimed that the normal Tat mechanism involves multiple transport attempts (J. Cell Biol. (2005) 171: 281). In summary, the suggestion of co-operating binding sites is both extremely interesting and the most obvious explanation for the data presented. However, more prosaic explanations for the mechanism of transport, such as those detailed above, have not been excluded. A minimal requirement for publication in the EMBO Journal should be a more reflective discussion of the strengths and weaknesses of the co-operative transport model that is proposed.
Other points:
Abstract. `Several characteristics indicate that each member of the precursor oligomers was specifically bound to a receptor unit.' It is not clear whether these `characteristics' are the two listed in the following two sentences or some other evidence. This needs rewriting for clarity. The word `several' may be inappropriate here. pg 18 `...the efficient disulfide crosslinking ....... is surprising when considered in the context of the structural model wherein the pre-SufI domains appear separated by at least 40Å (Tarry et al, 2009 )' I don't understand where the distance figure comes from. Looking at Figure 4 in the Tarry paper the distance of closest approach for the portions of the mature domain of SufI nearest to the receptor appears to be very much less than 40Å. Indeed if you look at panel F, where the authors have modelled the SufI crystal structures into the electron density, the surface loops of the substrates are almost touching. It is also worth bearing in mind that the single particle structural method will tend to locate the substrate molecules at their lowest energy position while disulfide crosslinking is able to trap the extremes of motion of the substrate molecule over the long time scale (30 minutes or so) of the experiments. So I'm not surprised by dimer formation. Presumably the spacings would be similar for the next pair round the receptor circumference allowing tetramer formation. While I think the authors comments about possible changes in orientation of receptor units and alterations in precursor orientation in situ versus isolated complex are valid and worth making, I don't think these considerations are REQUIRED to explain dimer and tetramer formation. Figure 5 explores the relative occupancies of binding sites when the tOE17 precursor is a monomer compared to when it is a dimer. It is shown in later experiments that substrate multimerization increases in stored samples (Fig 6B) . This suggests that crosslinking is not complete under the conditions of Figure 5 (we are not told in the legend how long these samples were incubated -we should be) . Thus firm conclusions about the maximum occupancy of the dimer species from the date in Fig. 5 are unwarranted.
Referee #3 (Remarks to the Author):
The authors describe in elegant and comprehensive experiments that a chloroplast Tat precursor can form homodimers and homotetramers at the TatBC receptor site of thylakoids and noticeably that it is translocated as such into the thylakoid lumen. The data is fully convincing, novel, and certainly of considerable impact on further investigations on the Tat system. I just found that the paper from time to time leaves the impression that transport of oligomeric precursors might be the standard way of Tat-dependent translocation. This, however, would not be consistent with the more than 50% of precursor that were found to be translocated in its monomeric form (see below). In addition, the propensity to form oligomers prior to transport might also differ between various Tat precursors. The authors might want to consider to reference previous work on the bacterial Tat substrate glucose-fructose-oxidoreductase from Zymomonas mobilis that was crystallized as a dimer/tetramer of precursors each one having an RR-signal peptide (Nurizzo et al. 2001, Biochemistry 40, 13857) and therefore suggesting that this natural substrate is also Tat-dependently translocated as oligomer. In general, the new data might primarily indicate that Tat machines are able to adjust to differently sized substrates.
Specific comments:
I am not sure if the title is entirely appropriate as one might question what an individual Tat translocase is. Is this the purified 750 kDa TatBC complex or is it a smaller entity of TatBC protomers or even a much bigger assembly that has recruited numerous TatA subunits? Since this does not seem to be clear at the present time, I would be more cautious in using words such as 'individual'. Likewise, on page 15, last sentence: 'dimeric precursors, each of which is bound to a receptor site...' might be misleading, because it is only shown that binding outside of TatBC did not seem to occur. How many binding sites within a TatBC complex exist, has not been determined. As carefully discussed, the 750 kDa TatBC complex contains several copies of TatBC units. How many of them are used for substrate targeting, how many of them constitute a functional binding site, and finally how many of them become engaged in downstream transport events is still totally unclear.
Along the same line: clearly the authors demonstrate that oligomeric complexes of precursor, even if covalently linked, are transported by the Tat machinery. At the same time, a substantial fraction of monomeric precursor is always found translocated. In Fig. 5C this was quantitated to be more than 50% of the total translocated material. Thus translocation of oligomeric assemblies is clearly possible but is by no means exclusive. Fig. 5C and page 12, second paragraph: ...dimer accumulation 'lags' behind monomer accumulation... could be misleading, because in Fig. 8 , where the kinetics are actually addressed, it is argued that no real retardation of transport of oligomers would occur. Incidentally, I found this paragraph on page 15 somewhat difficult to understand: doesn't it simply mean that the delayed appearance of dimers and tetramers was not due to a diminished transport efficiency compared to monomers but rather to an impaired processing of the oligomers? Reviewer 1. Point 1. Reviewer 1 raised the possibility that the Tat apparatus waits until several sites are occupied before transporting all precursors together and suggested that we might titrate small amounts of substrates to look for cooperative effects on the translocation kinetics. The suggested experiment is very interesting and challenging. We are in the process of doing such experiments as part of a separate PhD dissertation study by Jose Celedon to carefully determine the maximum number of precursors bound per receptor complex and the turnover time of a single round of translocation with varying occupancy of the receptor complex. Although we agree that the suggested line of experimentation is important, we think that it needs to be conducted in the context of knowing exactly how many precursors occupy the complex. We feel that this is beyond the scope of the present study and needs to be published separately.
Point 2. Reviewer 1 suggested that we crosslink our precursor in solution to obtain a spectrum of all of the oligomers as a standard for determining with certainty that the tetramer is actually a tetramer and not a trimer. We thought that this would be straightforward, but have been unsuccessful in several attempts. BMOE and CuP treatments of in vitro translated tOE17-20F3C17C were very messy because of the wheat germ derived proteins present. We made a His-tagged precursor, metal affinity purified it, and tried BMOE as well as DSS, a homobifunctional amine reactive crosslinker, with the purified precursor. We obtained no crosslinking to oligomers with either; it appeared that only internal crosslinking was occurring. It's likely that soluble precursors were not close enough to each other for this to work. Nevertheless, we don't think that there is any reason to doubt that the crosslinked tOE17 @ ~80 kDa anything but a tetramer. It migrates at 4 times the molecular weight of the monomeric precursor of ~20 kD on the same gel, and the transported and fully processed mature protein migrates at 4 times the molecular weight of the mature monomeric protein. If this were a trimer, the protein would be 20 kD smaller. However, reviewer 1 does raise a valid point that it may not even be feasible to form trimers within the context of the structure of the folded OE17 moiety. This point has now been discussed in the manuscript on page 18.
Point 3. Reviewer 1 noted that in the redox field, reactions are typically stopped by the addition of acid like TCA and that this would be a better method than stopping with transfer to an ice bath and adding NEM, and asked for a control showing that principally the same kinetics are found under these conditions which will exclude post-lysis oxidation of thiols. First, in the time course experiments of oligomerization shown in Figure 3 , the reactions were immediately quenched with NEM (Fig 3) . Our previous control experiments ( Dabney-Smith, 2006) showed that NEM quenches disulfide formation within 10 sec of its addition. Nevertheless, we have conducted suggested control experiment, which is included as a figure in referee-only supplementary material.
As can be seen from the figure, the kinetics of dimer formation are essentially the same when the reaction is quenched by NEM as when it is quenched by TCA precipitation. We also think that the efficacy of our method can be seen from 0 time points in Figure 3 . Figure S1 , panel C). There was no evidence of the faster migrating dimer in this experiment. We also conducted similar experiment using a mixture of tOE17-20F17C and a C-terminally truncated version of tOE17-20F3C (panel A). In this experiment, the dimer formed by disulfide formation between the 3C and 17C was apparent as an intermediate-sized species (F+Tr). The mixed dimer formed as efficiently as the intermediate sized species formed by a mixture of tOE17-20F3C and C-terminally truncated tOE17-20F3C (panel B), indicating that C3-C17 disulfide is equally as efficient as the C3-C3 and C17-C17 dimerization. We also note that with long incubations of receptor bound tOE17-20F3C17C (panel D), even the monomer shows a faster migrating band. We think that the faster bands may result from internal crosslinking of the remaining free sulfhydryls.
Reviewer 2 Point 1. Reviewer 2 pointed out that we haven't shown definitively that all signal peptides are engaged in their receptors at the time of transport and asked that the strengths and weaknesses regarding the idea that multiple sites cooperate in transport be clearly discussed. That is a reasonable request and our reasoning is now included in the Discussion of the manuscript (middle of page 20 through page 21). The points we make are that it is unlikely that any of the crosslinked precursors are released from their binding sites before translocation. The tOE17-20F precursor has a very high affinity for the receptor and a very low rate of dissociation (Gerard & Cline, 2007) . Precursor release from thylakoids in a buffer solution is less than 5% in 30 min; a combination of high salt and urea is required to release the precursor from its binding site (Gerard & Cline, 2006; Gerard & Cline, 2007) . We think that exchange of precursor with a non-specifically bound membrane pool (as was documented by the Musser papers) is also unlikely because our methods result in a very low level of non-specifically bound precursor as determined by anti-cpTatC pretreatment of thylakoids (Fig 4A) , protease pretreatment of thylakoids (supplemental data in (Gerard & Cline, 2007) ), or binding of the inactive twin lysine precursor (Fig 4B) . In addition, exchange of crosslinked precursor with a soluble precursor does not appear to occur during the binding incubation as this would result in an increased saturation quantity of precursor, i.e. with as opposed to without crosslinking (Fig 5) . Taken together, these observations suggest that dissociation of precursors before the translocation step is not likely.
Of course we cannot exclude the possibility that upon transport, only one signal peptide binding site operates for translocation of the entire oligomer. We've suggested that the kinetics of transport of the tetramer vs the monomer argues that transport is not mediated by a single signal peptide occupied site. Reviewer 2 correctly points out that the limiting step of Tat transport is unknown and that bacterial Tat systems are capable of transporting proteins as large as the tetramer reported here (and larger) using only a single signal peptide. However, the in vitro thylakoid Tat system is less robust and the largest natural thylakoid Tat substrate polyphenol oxidase (~60kD) is not transported by our in vitro system (Cline & McCaffery, 2007) .. The inefficient signal peptide cleavage observed in Figure 8 is likely due to the fact that the precursors are crosslinked through cysteines 3 positions from the cleavage site. These considerations support the model that multiple sites act in concert to transport the oligomer, although future experiments will be needed to more definitively examine this model. Point 2. Abstract. Reviewer 2 suggests that the statement in the abstract `Several characteristics indicate that each member of the precursor oligomers was specifically bound to a receptor unit.' is not clear. The several characteristics referred to in the abstract are 1. Anti-cpTatC treatment of membranes prevented of binding and dimerization (Fig 4A) , 2. The inactive twin lysine precursor did not bind or dimerize even when co-incubated with its twin arginine counterpart (Fig 4B) , and 3, Binding saturation curves showed the same total precursor binding with or without dimerization ( Fig  5) . The abstract now states three characteristics. Word limitations prevent more elaboration of this statement in the abstract. Point 3. Reviewer 2 raised several objections to our discussion of our crosslinking results and the structural results of Tarry et al., 2009 . We agree that our statements regarding spacing in the structural model were not clearly made. We find it most surprising that Cys at 3 residues from the signal peptide efficiently forms disulfides because of the results of several studies, including Tarry et al., 2009 , that the signal peptide is buried in the receptor complex. In that context, the mature chain, i.e. position +3, would emerge from the receptor on the immediate surface of the complex. The 40 angstrom spacing number in the text is based on the 30 nm circumference of the receptor complex calculated from the reported 9.5 nm diameter and a 50 degree spacing (Tarry et al.) . Crosslinking of the C17 is less surprising since this region of the tOE17 precursor is loosely structured and, as pointed out by reviewer 2, certain loops of bound SufI are nearly in contact in the structural model. We've revised that section of the Discussion (page 19) substantially with respect to the reviewer's comments. Point 4. Reviewer 2 commented that conclusions on maximum occupancy of the dimer from the experiment in Figure 5 are unwarranted because oligomers continue to form during longer incubations. We agree and have removed the statement regarding maximum occupancy and reorganized the plots of Figure 5 to show two major points about this experiment. First is that the same maximum number of precursors are recovered with the membrane with or without dimerization (Fig 5A) . Second, at low levels of precursor binding, the ratio of dimer to monomer is considerably lower than at higher levels of binding. This is consistent with the idea that receptor complexes must be populated by more than one precursor for dimers to form. This is now discussed in Results (top of page 13). The time of binding has been added to the Figure legend of Figure 5 as requested.
Reviewer 3. Point 1. Reviewer 3 points out that we leave the impression that transport of oligomers is the normal way that Tat transports proteins. We've tried to make it clear that our results only show that the Tat system is capable of transporting oligomers and not that it normally transports oligomers, although that certainly is an intriguing possibility. We also think that the fact that monomeric (not crosslinked) precursor is transported efficiently doesn't rule out the possibility that it is transported as a non-covalently linked multimer. We now specifically now address this issue in the Discussion (top of page 22). We've included the citation on the glucose-fructose oxidoreductase and discussed the relationship with our work in the Discussion. Point 2. Reviewer 3 objected to the use of "individual translocase" in the title as "Tat translocase" is ill-defined in the literature. We've changed the title to Tat receptor complex, which unambiguously refers to the 700 kD cpTatC-Hcf106 complex. The precursors bound to the cpTatC-Hcf106 complex possess all of the characteristics of binding to a receptor site, and there appears to be no heterogeneity of binding characteristics for tOE17F-20. Point 3. Reviewer 3 noted that " Fig. 5C and page 12, second paragraph: ...dimer accumulation 'lags' behind monomer accumulation... could be misleading, because in Fig. 8 , where the kinetics are actually addressed, it is argued that no real retardation of transport of oligomers would occur". We agree that the language used on page 12 was imprecise. We meant to indicate that dimer accumulated to a greater percentage at higher total precursor bound than at lower precursor bound. This has been changed in the text. Your revised manuscript has now been seen again by referee 1. As you will see from his/her comments below, he/she finds that you have adequately responded to the concerns raised by all three reviewers. Therefore, I am pleased to be able to tell you that we will now be able to accept your manuscript for publication in the EMBO Journal. However, I would first like to ask you to include the " Figure for Referees Only" as a Supplementary Figure, and to reference it in the text: in general, we prefer such controls, requested by the referees, to be included as supplementary information rather than only provided to the reviewers. I hope this isn't a problem for you! Please could you include this figure into your Supplementary Information file, to incorporate a reference to it in the text where appropriate? If you send us these files by e-mail, we can then upload them in place of the previous versions. Once we have this, we will then be able to accept your manuscript without further delay. Although some of the suggested experiments were not carried out and others were not successful, I think that the authors satisfyingly addressed the points raised by the referees and support publication of this study in its present form.
